W hen a muscle is stimulated electrically, its ability to contract rises and then falls. It is conceptually easy to imagine, therefore, that something called the "active state" might rise and fall with a well-defined time course. Although the concept is simple, the attempts to measure this time course have produced such conflicting results that the whole concept has fallen into disrepute.1 These conflicting results generally are attributed to the fact that the perturbations used to make the measurements frequently altered the active state. Another good reason is that many different parameters were being measured as a reflection of the active state, and some of them may have been inappropriate. As a result, the terms "active state" and "activation" became imprecise and vague, even though they have remained in general use and embody a potentially useful concept.
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As the concept of active state became more imprecise, interest among muscle physiologists shifted away from this area to studies of the individual mechanisms responsible for activation. These newer studies were made possible by the development of chemical techniques that permitted the exploration of molecular mechanisms. Many of these mechanisms now have been elucidated, and the first purpose of this review is to describe them. This description leads to a definition of what is meant, and what is not meant, by the term "activation."
The second, and major, purpose of this review is to examine the changes in contractile properties of muscle that accompany changes in activation. In the course of this examination, an effort will be made to define mechanical parameters that signal changes in activation. As with the first section, emphasis will be given to showing that some parameters do not accurately signal changes in activation. A third and final purpose of the article is to review the history of the is activated,13 presumably in response to calcium binding by troponin. The observation of this shift leads to the reasonable speculation that activation is prevented by a stearic hindrance of the thin filament attachment sites for the myosin cross-bridges. Activation results when the sites are unblocked because of a shift in the position of tropomyosin, and relaxation occurs when the sites are blocked again so that cross-bridges cannot attach.
The unblocking of the cross-bridge attachment sites can be maintained either by the presence of calcium bound to troponin or by the presence of cross-bridges attached to some sites, thereby preventing the tropomyosin from moving back to cover all the sites. In fact, it has been found that a strong cooperative interaction exists between these bound cross-bridges and the affinity of troponin for calcium.
Cooperativity of Cross-bridge Binding
When a muscle is depleted of ATP, it develops a state called "rigor" in which it becomes very stiff. Structural studies have shown that the rigor state is associated with the firm attachment of most, if not all, of the cross-bridges. A skinned muscle fiber* can be relaxed from the rigor state by supplying ATP to the contractile proteins. When ATP is supplied in very limited amounts, the maximum force generated by the muscle is increased (Figure 2 ), and the shortening velocity is decreased.17 Taken together, these findings suggest that ATP is not required for crossbridges to attach to thin filaments, but that it is required for them to detach. The decreased shortening velocity at low ATP concentrations is caused by the decreased cross-bridge cycling rate, resulting from the decreased detachment rates. The increased *Various preparations have been developed to bypass the calcium activating system while the contractile processes of muscle are studied. These preparations require that MgATP, the substrate for contraction, be supplied externally, and they have the advantage that the effects of substrate concentrations can be studied directly. One simple preparation is a suspension of partially disaggregated contractile proteins. The contractile properties, force generation and shortening, cannot be studied in this test-tube preparation, but chemical changes are easily assayed. Other preparations consist of naked myofibrils. These are intact contractile structures from which the cell's surface membranes have been removed. Single cell preparations frequently are called "skinned fibers," because the first such preparations were made by mechanically dissecting away (skinning) the intact single muscle cells (Natori14). It now is common to dissolve away the surface membrane to produce "chemically skinned fibers." The original preparation of this sort, the glycerinated muscle developed by Albert Szent-Gyorgyi15 is still commonly used today. It consists of a bundle of muscle fibers immersed in 50% glycerol solutions and stored below 0°C for a few days to a few months. The glycerol dissolves the cell membranes and prevents freezing. The muscles are kept at low temperatures to avoid infection and destruction by digestive enzymes. If they were allowed to freeze, as would happen if the glycerol were not present, ice crystals would damage the contractile structures. In general, only single fibers from such glycerinated muscles are studied, because diffusion would cause substantial gradients of reactants and products in multifiber preparations. These single fibers are excellent for studying contractile properties, but they are so small that they pose substantial technical challenges for the study of chemical reactions. If calcium binding forced a shift in the position of troponin and tropomyosin, then it might be expected that the same shift, caused by the attachment of crossbridges to thin filament sites, also would maintain the calcium binding site on troponin in a more exposed position, thereby facilitating calcium binding.
Shortening Inactivation
Whether it was expected or not, Bremel and Weber's description of cooperativity was quickly seen as the explanation of a variety of physiological phenomena. The shift in the sensitivity of skinned fibers to calcium (Figure 2 ; Reference 16), for example, was readily interpreted in terms of cooperativity; the increased number of attached cross-bridges in low concentrations of ATP causes increased thin filament affinity for calcium. A very important phenomenon explained by this cooperative mechanism is the deactivating effects of filament sliding. A.F. Huxley's10 cross-bridge theory of contraction predicted that the number of attached cross-bridges would decrease during shortening, and later experiments19 have confirmed this prediction. The decrease is expected because filament sliding allows the cross-bridges to move through their working range and detach more quickly. A similar decrease is expected when a muscle is stretched, so as to pull off the cross-bridges forcibly. The decrease of attached cross-bridges reduces thin filament calcium affinity so that calcium is transiently released from the thin filaments. This released calcium is sequestered by the sarcoplasmic reticulum and is not available for the remainder of the twitch. Furthermore, the sequestration of calcium by the sarcoplasmic reticulum is greater late in the twitch, when the free calcium concentration is low and there is less competition for calcium transport. This cooperative mechanism can explain the observations that changes in length, either stretching or shortening, reduce the amount of force generated in the remainder of the twitch20-22 ( Figure 3 ) and that the force reduction is greater when the length changes are applied later in the twitch.
The importance of cooperativity for the present discussion is that mechanical perturbations are likely to influence subsequent calcium binding and therefore mechanical performance. Thus, many of the maneuvers that might be used to study activation are likely to decrease it. Such alterations are most likely to occur at partial levels of activation, where there is a steep relation between free calcium concentration and calcium binding (i.e., the steep parts of the curves in Figure 2 Time After Stimulus (ms) FIGURE 3. Length-change inactivation. Both stretch (panel A) and release (panel B) cause subsequent twitch force (solid curve) to be less than it would have been if the muscle had been held at the final isometric length (interrupted curve) throughout the duration of the twitch. Rabbit papillary muscle at 22°C (adapted from the curves of Brady20).
lease of calcium from the myofilaments when filament sliding occurs. A similar cooperative mechanism also can explain the influence of muscle length change in the "dual control of relaxation" reviewed by Brutsaert. 24 The presence of attached cross-bridges can maintain the availability of neighboring sites after calcium has been removed from the troponin-tropomyosin regulatory complexes. Under these conditions, filament sliding will produce rapid relaxation.
Mechanistic Definition ofActive State
Within the framework of this theory, activation would be defined mechanistically as the making available of thin filament sites for cross-bridge attachment, and the degree of activation would be defined as the number of such sites available. This definition is very different from some parameters that have been measured in place of activation, and it is important to emphasize why these other parameters are not synonymous with activation. For example, activation is not the same as the level of free calcium in the myofilament space, which rises in advance of activation and falls to near resting level when activation is maximal (Figure 1 Cross-bridge Compliance Note that force generated by the attached crossbridge in Figure 4 is transmitted between the filaments by a spring in the link between the filaments. This spring is an essential part of the theory, because it allows the attached cross-bridges to move through the force-generating reactions without movement of the filaments. It explains how metabolic energy is expended and heat is produced in an isometric contraction. The individual cross-bridges use the energy of ATP hydrolysis to stretch the spring as they pull through their cycles, even when there is no filament sliding. The spring also allows the crossbridges to move independently of each other and yet have their individual forces sum to a total value. A final important point about the spring in the crossbridge is that it provides a means of assaying the number of attached cross-bridges. The cross-bridges arrayed along a filament, as in Figure 5A , are in parallel, such that when they are attached, they act together to resist sudden changes in length. The amount of the change in force for a given change in length is taken as a measure of sarcomere stiffness.
The the number of attached cross-bridges is varied in a known way. A method of varying the number of attached cross-bridges is to vary the overlap between thick and thin filaments, as illustrated in Figure 5 . The original experiments of this sort28 showed that isometric force was directly proportional to the overlap of the thin filaments with the cross-bridges. These experiments greatly strengthened the theory that the myosin cross-bridges are responsible for force generation. Subsequent experiments using varying overlap27 have shown that isometric force and instantaneous sarcomere stiffness vary almost exactly with each other, such that the ratio of force to stiffness remains virtually constant as overlap changes ( Figure  5 ). These results suggest very strongly that the muscle stiffness varies in almost direct proportion to the number of attached bridges, so that changes in sarcomere stiffness can be used to signal changes in the number of attached bridges.
Effect of Shortening on the Cross-bridge Cycle
The cycle shown schematically in Figure 4 produces force and shortening because energy liberated by ATP hydrolysis drives it in the clockwise direction. A newly attached cross-bridge is driven by some internal energy to move in the shortening direction and to stretch the spring. The equilibrium favors detachment of cross-bridges that have reached the end of their working range, whereas a different equilibrium favors attachment of bridges that have recovered after detachment. When the filaments slide past each other in the shortening direction, the attached bridges are brought to the end of their working range more quickly than when there is no sliding. Shortening therefore has three effects on the cross-bridge cycle. The first is to move the average position of an attached cross-bridge to a shorter position, where the spring is less stretched, so that there is less average force per bridge. The second is to increase the detachment rate, so that there are fewer attached bridges. The third is to increase the cycling rate; by shortening the time the cross-bridges are attached, overall cycle time is diminished. Furthermore, these effects increase with faster shortening rates; that is, higher velocity results in a higher cycling rate, fewer attached bridges, and less force per bridge. Together, these effects can account for several phenomena that had puzzled muscle physiologists before the cross-bridge theory was proposed.
Force-Velocity Relations
When an activated skeletal muscle is allowed to shorten under a load less than the isometric, it achieves a constant velocity after a very brief transitional period. At each level of activation, the force and velocity are related inversely by functions of the types graphed in Figures 6D and 6E . Early muscle physiologists found the constant velocity in the steady state difficult to explain in terms of familiar mechanical analogues, and one of the great successes of the cross-bridge theory'i was that it accounted for this steady-state condition. The total force in the muscle is determined both by the number of attached crossbridges and by the average force per bridge. During shortening, attached bridges are moved in the shortening direction to positions where they generate less force and where they detach more quickly. Shortening therefore has two effects that decrease force; it decreases the number of attached bridges and it decreases the average force per bridge. The higher the velocity, the greater the effects. At any velocity there is a steady state that produces a well-defined number of bridges and a well-defined force per bridge. At maximum velocity, when the external force is zero, stiffness is about one third of its isometric value,24 indicating that there are still many attached bridges. In this state, the bridges that are attached and pulling in the shortening direction are exactly balanced by cross-bridges that have pulled through their working range but have not yet detached, so that they resist further shortening. A simple but incorrect way of viewing a cross-bridge model is that each bridge has its own force-velocity relation and that maximum velocity is a property of the individual bridge. The force obtained from the whole muscle then would be the force per bridge, as determined by the velocity, multiplied by the number of attached bridges. The finding of a finite stiffness at maximum velocity illustrates why such a simple mechanism would not explain the muscle contraction. The crossbridges are not coordinated in their movement when the filaments slide. At any instant, some bridges may be in a position to generate force, whereas others have been pulled beyond their working range and resist further shortening. The force in any one bridge may vary widely, so that the average force is a composite of many different forces. The force-velocity characteristics of the muscle are therefore a property of the population of cross-bridges and not simply determined as the property of an individual bridge multiplied by the number of bridges. The properties of the population change in a very specific way with changes in the size of the population. Effects on the Force-Velocity Curves ofAltering Cross-bridge Number Figure 6B shows a muscle whose population of bridges has been cut in half by a reduction in cross section, such that half of the filaments have been removed. This smaller muscle would be expected to have the same velocity of unloaded shortening (Vm,,) as the original muscle in Figure 6A , because the force per bridge is zero in both muscles. At all velocities less than the maximum, however, the force would be exactly half that of the original muscle. Such an expectation leads to the very reasonable practice of normalizing muscle force to cross-sectional area.
Force-velocity curves that differ from each other only in that their forces at all velocities scale in some constant proportion, as those in Figure 6D, Figure 6E , instead of the absolute force, as in Figure 6D . When this is done, the force-velocity curves obtained with muscles of different cross-sectional areas superimpose exactly (curves A and B in Figure 6E ). Figure 6C shows a muscle whose active crossbridges have been reduced to half because half the attachment sites for bridges have been blocked. If the action of the remaining cross-bridges were not influenced by the activity of the others, the effect of this reduction should be no different from reducing the cross-sectional area of the muscle. Thus, force-velocity curves should superimpose exactly when force is normalized to the isometric value, as in Figure 6E .
To the extent that the force-velocity curves change with activation as those shown in Figures 6D and 6E , the force-velocity curves could be used to signal changes in activation. A major advantage of using these curves is that they also define the mechanical capability of the muscle, so that activation is correlated with mechanical capability. Most of the remainder of this portion of the review, therefore, is an effort to describe how changes in the force-velocity curves are influenced by changes in activation. But first, it is necessary to point out that there are at least three technical problems with this approach: 1) During twitch contractions, which are the only physiological contractions in cardiac muscle, shortening velocity does not remain constant when load is fixed; 2) in cardiac muscle the force-velocity curves do not superimpose exactly when normalized to isometric force, as shown for the ideal case in Figure 6E ; and 3) the curves require several parameters for description, and some parameters are more dependent on activation than others. Much of this discussion deals with the last of these issues, describing how each parameter changes; but before this description is begun, the other two problems will be discussed, because they have a major influence on the results.
Measurement of Force-Velocity Properties
The An even greater problem with timing arises because the shortening that must be allowed to occur in order to measure velocity also causes velocity to decline. At least two factors are believed to contribute to the decline in velocity; inactivation due to the cooperative effects described above, and a viscoelastic internal load that increases with the distance shortened. 29 Whatever the cause, the velocity will change once shortening begins. It generally has been recognized for more than 20 years that the correct way to measure force-velocity properties is to impose 3C E N.~o quick releases at fixed times in the twitch contraction and to measure velocity immediately after the release (see Jewell and Blinks30). Releases are made to different loads at the same time in different contractions. Until the time of the release, the histories of the contractions are identical, and it is reasonable to believe that the condition of the muscle is the same when shortening begins. From the time of the change in load, however, the conditions in the muscle diverge. If it is necessary to measure force-velocity properties under the same conditions, it is important to make the measurements very shortly after the release to an isotonic load, before this divergence is very large. In our own experiments with cat papillary muscles at 250C,29,31 we found that velocity measurements made earlier than 7 msec after the release were contaminated by damped series recoil of the passive series viscoelastic element31 and by velocity transients.29 Force-velocity curves derived from points measured earlier than 15 msec after the release were well described by the hyperbolic Hill equation.32 Those derived from later measurements were not well fitted by this hyperbolic relation, and the velocities at low loads were substantially reduced. This observation suggests that substantial changes had occurred in the muscles over a brief, 15-msec, period of shortening. It also should be emphasized that even the results measured at very early times, such as 7 msec, have been corrupted by the effects of shortening, and that uncertainties created by these effects increase with later times of measurement.
Changes in Maximum Velocity
When skinned skeletal muscle fibers have been studied at different levels of activation, the forcevelocity curves scale in the manner shown in Figures  6D Podolin and Ford36), but the question has largely been resolved, at least for levels of activation between 40% and 100% of maximum. Somewhat different results are obtained in cardiac muscle. The maximum velocities measured at two different levels of activation do not coincide exactly (Figure 7 ) so that no simple scaling of the force will make the curves coincide.
Because the ultrastructure and contractile proteins of cardiac and skeletal muscle are similar, it is reasonable to suppose that they contract by the same basic mechanism. The difference in the force-velocity characteristics of the two preparations probably arises from some relatively minor property. An explanation of the difference between the curves of Figure 6 , typical of skeletal muscle, and those of Figure 7 , typical of cardiac muscle, is that cardiac muscle possesses an additional structure that imposes a small internal load that skeletal muscle does Force (% maximum) FIGURE 7. Effect of a small intemal load on the theoretical force-velocity curves. The true maximum velocity (Vma)j is the same for both levels of activation, but because the contractile elements cannot be fully unloaded, the true maximum velocity cannot be realized. Because the intemal load is a larger fraction of the totalforce generated atpartial activation, it has a greater effect on maximum velocity. The effect of the internal load is shown schematically in Figure 7 . The total force-velocity curves for different levels of activation are assumed to have the same maximum velocity, but the maximum velocity cannot be achieved because the contractile machinery cannot be fully unloaded (Figure 7) . At full activation, a load equivalent to 4% of isometric force will decrease measured maximum velocity to 80% of the full value. At half activation, the same internal load is equivalent to 8% of isometric force, and measured maximum velocity is decreased to 65% of the full value. The effect of the internal load, therefore, is to decrease the apparent maximum velocity by 19% (100-65%/80%) when activation is reduced by half. This example shows that a small internal load can have a substantial effect on measured maximum velocity. The values for internal load (4% of maximum isometric force) are similar to those measured in papillary muscle37 and will be used below in assessing the parameters that describe the force-velocity curves.
A Single Parameter to Describe Changes in the Force-Velocity Curve
The force-velocity data, such as that graphed in Figures 6 and 7 , are well described by Hill's32 rectangular hyperbolas. These curves require a set of three constants for description. More than three constants have been used, but these can all be grouped into sets of three that uniquely define the curves, and any other constant can be derived from these three. The constants to be used here are the two intercepts of the curve with the axes, isometric FORCE (mN/mm) FIGURE 8. Force-velocity (panels A and B) and forcepower (panels C and D) curves on the rise (panels A and C) andfall (panels B and D) oftwitch force. Curves are drawn for times when twitch force was at 25%, 50%, 75%, and 100% of its full value. (From pooled data forforce-velocity parameters of Chiu et al. 37) force (PO) and maximum velocity (Vmax), and the maximum power (PVma,).
Because activation rises over time to reach a peak and then declines, comparison of the force-velocity curves at different times should reveal which of these parameters will best signal activation. The types of force-velocity curves obtained during the rise and fall of twitch force are shown in Figures 8A and 8B , respectively. The corresponding force-power curves are shown in Figures 8C and 8D . The time course of the parameters of the curves is superimposed on the force record for a twitch contraction in Figure 9 . The influence of activation on each of these parameters is described separately below.
Maximum Velocity
As described above, maximum velocity does not change with activation in skinned skeletal muscle fibers. The change seen in cardiac muscle is relatively small and can be accounted for quantitatively by a passive internal load. As shown in Figure 9, A final problem with using maximum velocity to signal activation is that it is difficult to measure. This difficulty arises for two reasons. First, maximum velocity is determined by extrapolation of the measured curves to zero load. Although the extrapolation is not large, the curve approaches the axis tangentially, such that small errors in the estimation of load can make larger differences in the extrapolation. The second difficulty arises because of the passive compliant elements in the commonly studied cardiac muscle preparations. There are passive elements that resist stretch, as well as viscoelastic elements that provide an internal load as the muscle shortens. The force in these passive elements varies both with the length of the muscle and with the speed of the length changes.31 To compare curves measured under different conditions it is necessary to account for these passive elements, and small errors in the estimates of these properties can cause relatively large differences in the estimates of maximum velocity.
Therefore, on both practical and theoretical grounds, maximum velocity would not seem to be a good parameter to signal changes in activation.
Isometric Force
The search for a measure of the change in the force-velocity curve leads naturally to the isometric force. Because all the curves in Figures 6D and 6E can be made to superimpose by normalizing the forces to the isometric value, it might be expected that the isometric force could be used as a measure of the degree of activation if two conditions are met: 1) the isometric force lies on the curve and 2) the remainder of the curves scale as those in Figure 6 . Because maximum velocity varies somewhat with activation in cardiac muscle, the curves cannot be scaled exactly by scaling all the forces according to the isometric force. This is a relatively small problem. A larger problem arises in choosing the correct isometric force. Developed versus extrapolated isometric force. It is well known that a muscle that is held isometric until a specific force develops, and then is allowed to shorten at that force, will move at a substantial velocity. This rapid "afterloaded" shortening shows that the developed isometric force measured during the rise of tension is substantially less than that appropriate to the force-velocity curves obtained for loads less than the developed isometric values at that instant. This apparently paradoxical behavior is well accounted for by A.F. Huxley's10 cross-bridge model. Once the cross-bridge attachment sites on the thin filament have become activated, it takes a substantial amount of time for them to become populated with their steady-state number of bridges. In the isometric condition, the bridges approach the steady state with an exponential time course, and this slow approach to the full steady state accounts for most of the lag between the change in free calcium and the change in force illustrated in Figure 1 . When the muscle is shortening, however, the cross-bridges are driven into a steady state much more quickly by the turnover of attached bridges. A steady state should be achieved in the length of time it takes the filaments to slide sufficiently to push the bridges through one or two cycles. Thus, steady-state force-velocity relations can be measured only at loads less than the developed force when isometric force is rising. As shown by the lower dashed portions of the curves in Figures  8A and 8C , the isometric force used to describe the curve is not the developed force measured in the isometric states at the time the force-velocity data were measured but is a substantially higher value. At times early in the twitch, when there is a substantial lag between activation of the thin filament sites and attachment of cross-bridges, the "extrapolated" isometric force may be several times greater than the "measured" isometric force. The measured value does not lie on the force-velocity curves and so would be a poor choice of parameter to define the curves or to signal activation.
The extrapolated value, by definition, lies on the curve, and thus would be a very logical choice to define the curve. But this parameter is difficult to measure. The hyperbolic force-velocity curves approach the force axis at sharp angles, so small variations in the data can cause substantial differences in the estimated intercept. This susceptibility to error, together with the length of the extrapolation, makes extrapolated isometric force an imperfect parameter for describing changes in the force-velocity relation.
Maximum Power
Both isometric force and maximum velocity require determination of an intercept of a curve with an axis that it approaches tangentially. As a consequence, both are subject to substantial error resulting from small variations in the data and are most sensitive to variation in the one or two data points near the intercept. A more desirable index of change in the curve would be a parameter near the center of the curve, determined by interpolation among the data points. The maximum of the power curves ( Figures 8C and 8D ) is just such a parameter. Because it is determined by interpolation, it is much less sensitive to variation in a few data points. In a comparison of the hyperbolic curves fitted to forcevelocity data from skinned skeletal muscle fibers, Podolin and Ford35 found that the standard errors of maximum power were, on average, half those of maximum velocity and one quarter those of extrapolated isometric force. As an index of changes in the curves, therefore, it is more precise than either of the other two parameters. In addition, it is sensitive to changes in both the force-generating ability and the shortening capability of the muscle, whereas the other two parameters each are sensitive to only one of these two capabilities.
When force-velocity curves are obtained under conditions expected to change only activation, where maximum velocity changes very little (as in Figure 8 ), maximum power changes in almost exact proportion to extrapolated isometric force ( Figure 9 ). Thus, maximum power is a good indicator of changes in extrapolated isometric force and is much less sensitive to noise in the data.
Another major advantage of maximum power is that it normalizes to muscle volume and therefore to muscle mass. To compare forces among different muscles, it is necessary to divide these values by cross-sectional area. To compare velocity, it is necessary to divide by muscle length. To compare power, defined as force times velocity, it is necessary to divide by the product of cross-sectional area times length, that is, the volume. This volume denominator allows accurate comparison with a wide variety of other measurements. For example, the power output of a muscle, when normalized to volume, can be compared directly with the oxygen consumption per gram. One extremely useful comparison is between the power or work output of an isolated muscle with the power or work output of an intact ventricle. Comparison of force or length changes requires geometric assumptions, often not fully justified, to calculate force per unit area or shortening per unit of circumference. By contrast, comparisons of work or power normalized to the volume of muscle can be made with no geometric assumptions (although it is necessary to estimate how much of the muscle in the ventricle is doing the work, and this may not be a trivial problem).
A final advantage of maximum power as an index of cardiac muscle contractile capability is that it estimates the capability under the conditions for which it was designed. Unlike postural skeletal muscle, cardiac muscle is not designed to perform isometric contractions. It also is not designed to operate at maximum velocity. It probably was intended to operate near its maximum power point, shortening at about one third of the isometric force.38
Other Parameters
As will be described below, previous authors have tried to quantify changes in the force-velocity curves by measuring velocity at a fixed low load.39'40 This is equivalent to cutting the force-velocity graphs of Figure 8 along the same vertical force line. A measurement of this sort has the advantage of being a single value that reflects a change in the forcevelocity relation. Such velocities for three different loads taken from the data in Figure 8 are plotted on an absolute scale in the top panel of Figure 10 and on a relative scale in the bottom panel of Figure 10 . As shown in the bottom panel, the time course of the relative velocities varies with the load, such that the apparent time course of changes in the curves would not be independent of the method of measurement.
A more satisfactory single-value measurement might be the forces generated at a constant velocity (i.e., This discussion has been intended to show that changes in activation produce characteristic changes in the force-velocity relations and that these changes can be used to assay the degree of activation. The only task remaining is to find the single parameter that best describes these changes. Based on the foregoing discussion, maximum power would seem to be the most reliable index. It also should be emphasized that maximum power is an empirical index used here to signal changes in the force-velocity relation. By itself, it does not give any insight into the mechanisms of contraction or the mechanisms of the changes in activation. It does have the advantage, however, of being a single number that signals activation-dependent changes in the force-velocity curves in a reliable manner.
Historical Review
The first attempt to define the active state in mechanistic terms is commonly attributed to Hill.25 He proposed that activation determined the force that a muscle would generate if the contractile elements were neither lengthening nor shortening, that is, if they were in the isometric state. He further proposed that force after stimulation rose more slowly than activation because the contractile elements were not isometric but were shortening to extend elastic elements in series with the contractile elements. To test this hypothesis, he lengthened the muscle shortly after stimulation to prestretch the series elastic elements. He found that a stretch ofjust correct timing and amplitude applied shortly after stimulation could make force rise immediately to near its full tetanic value, where it remained until after the time of peak twitch force (Figure 11 ). From these results he concluded that activation rose nearly instantly after stimulation and that the slower rise of force was due entirely to internal shortening. Hill's25 conclusion later was proved incorrect on several grounds, and more recent experiments suggest other mechanisms to explain his results. Before these mechanisms are described, some of the subsequent consequences of Hill's seminal work will be reviewed. Force-Velocity Curves in Isolated Muscle It was well known since the 1920s that there was an inverse relation between a muscle's force and its shortening speed. In 1938 Hill32 proposed the hyperbolic function shown in Figures 6-8 as a mathematical description of this inverse relation, and in 1939 Katz41 described a convenient way of linearizing the data to fit the hyperbolic curves without the need for sophisticated nonlinear techniques. Other earlier functions had been used to describe the forcevelocity curves of muscle (e.g., Fenn and Marsh42), but Hill's32 curves gained immediate acceptance because they were part of a larger scheme for describing the total energy production of the muscle. Hill later retracted this scheme,43 but the hyperbolic function has remained in wide use because it gives an excellent description of the force-velocity properties of different muscles contracting under a wide variety of conditions.
The curves shown in Figure 8 illustrate the very important point that a single measure of force or velocity in a muscle is of no use at all. The values of both variables must be specified, and in general some definition of the entire curve must be given to specify the contractile capability of the muscle. Changes in the force-velocity relation then can be described in terms of the different parameters used to define the curve. After the time of Hill32 and Katz,41 considerable attention has been directed to developing technically easy methods of measuring force-velocity properties.
Limitations of the Method
The ideal technique for measuring force-velocity properties is to release the muscle to an isotonic load at a predetermined time after the stimulation. The shortening velocity for that load then is determined as the slopes of the shortening record. A single force-velocity point is recorded in each contraction. Because shortening velocity may change with time in the twitch and with progressive shortening, particularly in cardiac muscle, it is most satisfactory if the force and velocity are measured very shortly after the transition to the isotonic load. It originally was asserted44 that the muscle achieved its steady-state velocity within 1 msec after the step to an isotonic load, but the subsequent discovery of "velocity transients"45,46 indicated that several milliseconds were required to achieve a steady state. Recent experi- ments in which sarcomere length has been measured and controlled indicate that the steady state is achieved after the muscle has shortened about 16 nm per half sarcomere.19 Ideally, velocities would be measured a few milliseconds after the onset of shortening, when the muscle had shortened by about 1.6 nm per half sarcomere, or about 1.5% of muscle length.
With modern servo systems to control muscle length and tension, it is possible to measure velocities in the ideal way, several milliseconds after release to an isotonic load, as described above. With the older lever systems, however, such rapid measurements were not possible. The inertia of the lever and the series compliance of the muscle combined to produce substantial oscillations of the lever. A great deal of cleverness went into reducing the inertia of the levers and damping their movement, but none of these efforts was entirely successful. At the same time, a great deal of cleverness went into redesigning the experiments so as to avoid quick releases and the associated oscillations.
A method of minimizing oscillation of the isotonic lever was to use "afterloaded contractions" ( Figure  12 ). The muscle was stretched during relaxation by a "4preload" that established its starting length. A stop above the lever prevented further stretch as the "afterload" was added to the lever. After stimulation, the muscle was held isometric until developed force equaled the afterload. After this time, the muscle shortened isotonically against this load. Although there is an abrupt transition from the isometric to the isotonic state, the accelerative forces are not nearly as great as when an abrupt change in load causes a "recoil" of the series elastic elements.
Because oscillations are nearly absent, velocity can be measured very soon after shortening begins. The use of this method, however, does require two assumptions. First, because the measurements for different loads are made at different times after stimulation, it must be assumed that activation is constant from the time of the measurement of the lowest force until the time of the measurement of the highest force. Hill's25 conclusions about active state rising rapidly to an early plateau were therefore an essential foundation for this work. The second assumption is that the force-velocity properties of the contractile elements are independent of the internal shortening that must occur as the series elastic elements become stretched. This second assumption is less valid in cardiac muscle than in skeletal muscle, because cardiac muscle has more compliant series elastic elements and because there is no broad peak in its length-tension curve. Skeletal muscle can be studied over a length range in which isometric force, and presumably other contractile properties, change little with length. By contrast, the length-tension relation for cardiac muscle is comparatively steep over the entire working range and therefore can be studied only over a length range in which isometric force is strongly dependent on length. There is a fairly welldefined length in cardiac muscle (Lma) where isometric force is maximum. Isometric force developed at shorter lengths declines to zero at about 75% L., so that the entire working range of cardiac muscle is about 25% LmS. In addition, the more compliant series elastic elements in cardiac muscle cause the force-velocity points derived from afterloaded contractions to span a wide range of functional lengths. In the early studies of papillary muscle,47-49 the series elastic elements were sufficiently compliant to allow about 12% Lm. internal shortening during the development of peak force, or about half the working range of the muscle. Thus, in these early studies, the isometric force appropriate to the highest loads was about half that appropriate to the lower loads. When stiffer attachments are used, it is possible to reduce the internal shortening to 5-6% Lm,X,31'50'51 but even under these conditions, the contractile elements shorten by 20-25% of their total working range during the rise of isometric force.
In spite of their limitations, these early studies had the important effect of emphasizing the need to use force-velocity curves to describe the contractile potential of isolated cardiac muscle. The next problem was to find a single parameter that would adequately reflect changes in the curves.
Maximum Velocity in Cardiac Muscle
The technique of using afterloaded contractions was first applied to cardiac papillary muscle by Abbott and Mommaerts.52 They showed that the maximum velocity intercept of the extrapolated forcevelocity curves was higher when the muscle was potentiated inotropically. Thus, maximum velocity appeared to be an index of inotropic state. Then, as now, it was not clear whether changes in inotropy were effected entirely by a change in activation or by other changes in the contractile process.
Abbott and Mommaerts'52 work was extended by Sonnenblick4748 to show that maximum velocity appeared to be independent of muscle length. If this were so, maximum velocity could be taken as an "index of contractility" that was independent of muscle length. This length independence was considered to be important for two reasons. First, and perhaps less importantly, it meant that the changes in contractile element length that resulted from variable amounts of series elastic elongation at different loads did not have to be taken into account. This reason was less important because in isolated muscle experiments, both muscle length and series elastic extension can be measured directly. The greater importance of the issue relates to the extension of the concept to the intact ventricle. Before this extension is explained, one more experimental concept is needed.
According to Hill's25 hypothesis, the slow rise of force after stimulation was due to the contractile element length not being isometric, but shortening to extend the series elastic element. MacPhearson,53 working in Hill's laboratory, was first to recognize that the velocity of internal shortening could be determined from the rate of rise of force, if the compliance of the series elastic element were known. If the rate of rise of force (dF/dt) is multiplied by the compliance of the series elastic element (dL/dF), the result is the contractile element velocity (dL/dt= [dL/ dF] x [dF/dt]). With this relation, contractile element velocity could be estimated for each instant during the rise of force, and an entire force-velocity curve could be measured in a single isometric contraction.53 In cardiac muscle, it was found that the plots of series elastic element force against length were exponential, so that the compliance was inversely proportioned to force (dL/dF=k/F). Thus, the relation between contractile element velocity (dL/dt) and the rate of change of force (dF/dt) was reduced to dL/dt=kx (dF/dt)/F.
With this relation to obtain instantaneous velocity, it was possible to measure the entire "forcevelocity" curve during a single "isometric" contraction and extrapolate to obtain the "V.,,," which then was used as a measure of "contractility." Although the constant k might be different from one preparation to the next, it was assumed to be invariant within the same preparation, such that relative changes in Vmax could be measured on a beat-to-beat basis without a knowledge of k. Extrapolation to the Intact Ventricle Mechanical measurements in the intact ventricle were difficult, in part because it was difficult to measure muscle length or ventricular volume accurately, but mainly because the ventricle is not isometric during systole. During the pre-ejection phase of contraction, however, the ventricle is isovolumic, and Ford Activation in Cardiac Muscle 633 so it was assumed that the muscle was isometric. This consideration prompted a search for isometric indexes of contractility that could be used early in the contraction. One possible index was the maximum rate of rise of muscle force, dF/dtm.. If the muscle is isometric during isovolumic contraction, force and pressure would be related by a constant specified by the Laplace relation. The dF/dtm, relation enjoyed a certain popularity in studies of isolated muscle, and an effort was made to use the maximum rate of rise of pressure in the intact ventricle. Unfortunately, the rate of rise of pressure reached its peak at about the time the aortic valve opened, ending the isovolumic period. Some efforts were made to use the rate of rise of pressure at some fixed arbitrary value, such as 40 mm Hg, but the use of an arbitrary value was a little unsatisfactory. Some better rationale for using the rate of pressure change early in the contraction was needed, and the Vm. concept provided the rationale.
Only the earliest measurements were required to extrapolate the calculated force-velocity curves to estimate Vmax.
Levine and Britman54 were the first to use Vma as a measure of contractility in the intact ventricle. The advantages were that it required only measurements of pressure during the isometric period of contractions, and measurements made during a single heartbeat were sufficient to obtain a value quantifying "contractility." Vma soon became a very popular index of contractility in the intact ventricle.
During the same period, evidence was accumulating that Hill's25 original conclusion that activation rose almost instantly was incorrect and that the rationale for "Vm,," measurements had no physiological basis. The popularity of the index waned on its own, however, not because it was not justified by more recently discovered physiological mechanisms but because it was not very useful. In several studies it was found to be less sensitive or no more sensitive to changes in inotropic state than more conventional measures.55-57 The exact reasons for sensitivity of Vma, to inotropic state in the early experiments and the lack of sensitivity in later studies are not fully understood. One of the reasons may be that the ventricular volume is difficult to control, and any correction for changes in ventricular volumes may cause substantial changes in conclusions.
Reconciliation of Older Findings With Current Concepts
Hill's experiments25 were interpreted to show that activation rises almost instantly a short time after stimulation. More recent evidence suggests that this is not so. The task here is first to present the evidence contradicting Hill's conclusion and then to offer an alternative explanation of his experimental findings.
Hill's hypothesis that the slow rise of force was due to internal shortening was tested directly by Jewell and Wilkie.44 They examined the time course of the rise of force in three ways: 1) They measured the rise at the onset of a tetanus, 2) they measured the rise of force after a quick release of sufficient size to just cause the muscle to go slack, and 3) they calculated the rate of rise of force from the compliance of the series elastic elements and the force-velocity characteristics of the fully activated muscle. In all three cases, isometric force did not rise instantly but with a relatively slow time course. The rate of rise at the start of a tetanus was slowest; the calculated rise was fastest; and the rise after a release was of intermediate speed. These experiments showed fairly conclusively that Hill's25 hypothesis could not explain the slow rise of force. Furthermore, recent experiments using a "spot follower" to measure and servo control the length of a central segment of muscle58 showed that force rises with a relatively slow time course even when the contractile elements are absolutely isometric. 59 Careful measurements of the force-velocity curves using a servo system to produce quick releases during the rise of force further show that maximum velocity does not change much, but the force at velocities less than the maximum rise with a slow time course. This has been found both in skeletal muscle60 and in cardiac muscle.37 Finally, Brady20 tried to repeat Hill's25 experiment in cardiac muscle and was unsuccessful. Stretching the muscle during the rise of force never produced a sustained higher level of force, and the peak force after a stretch was always less than that produced during a twitch that started at the stretched length ( Figure 3 ). There is almost no evidence except for Hill's25 original experiments to support the suggestion that activation achieves its full value early in contraction, especially in cardiac muscle.
An Alternative Explanation of Hill's Experiment
If a skeletal muscle is stretched during the plateau of tetanus, force rises with the stretch and slowly relaxes to a level that is substantially greater than the isometric level.61 In addition, the increment in steady tension is greater when force is low.61,62 These results can be explained reasonably in terms of the crossbridge theory. Stretching the muscles has two effects. It stretches the springs in the individual cross-bridges so that there is more force per bridge, and it pulls the bridges into position where detachment is slowed. The greater force per bridge and the slower detachment of the stretched bridges can explain the higher and longer-lasting component of force in the stretched muscle. It should be emphasized, however, that this mechanistic cross-bridge explanation is not required to offer an alternative interpretation of Hill's25 result. It is sufficient to know that stretching an activated muscle causes an increase in force that is long lasting.
Stretching a muscle during the rise of force is likely to have the effect of increasing the force severalfold, and the increase in force is likely to decay slowly ( Figure 13 , dotted curve). As this increased force decays, the normal rise of force continues because of processes that were not affected by the step, as shown by the dashed curve in Figure 13 . The result is an abrupt increase in force associated with the stretch Time (% time to peak) FIGURE 13 . Theoretical effect of a stretch shortly after stimulation. A large and slowly decaying increase of force results from stretch of cross-bridges that were attached during the stretch (dotted curve). The normal rise of force also continues because of the attachment of new cross-bridges (dashed curve). The sum of the two (upper solid curve) appears to achieve a plateau, as in the experimental records ( Figure 11 ). Lower solid curve represents the normal isometric twitch force.
followed by a slow, partial relaxation and a final rise to the full tetanic value. A compound record of this sort, shown in Figure 13 , looks very similar to the retraced records published by Hill25 ( Figure 11 ). In his experiments, as well as in the hypothetical records shown in Figure 13 , Jewell and Wilkie44 measured the force-velocity properties using a lever system to produce quick releases during the rise of tetanic force. Although these experiments were very carefully carried out and the apparatus was very cleverly designed, they missed some important results. For example, they specifically state that they were unable to see the transients that were predicted by A.F. Huxley's theory10 and discovered 2 years later by Podolsky. 45 Jewell and Wilkie's44 data could not discern any difference in the force-velocity curves obtained at different times during the rise of force, suggesting that the force-velocity properties became invariant a short time after the onset of contraction. This result is not compatible with the findings published in the same paper, and described above, that the rate of rise of force was slower than expected if full activation were achieved shortly after stimulation. Recent experiments using a more accurate servo system60 have shown that the force-velocity curves obtained at different times do not superimpose but rise with time. The differences in the curves are not great, however, and could easily have been lost in the random variations in the earlier data.
Cardiac muscle. Because cardiac muscle produces only twitches under physiological conditions, the question of the time course of activation assumes a greater importance than in skeletal muscle, which usually is studied under tetanic conditions. Consequently, the question of the time course of activation was pursued more vigorously in cardiac muscle.
Brady20 tried to repeat Hill's25 skeletal muscle experiment in cardiac muscle and was unsuccessful in finding any timing or speed of stretch that would produce a plateau of force. On the basis of these and other experiments, he concluded that activation in cardiac muscle follows a time course similar to that of twitch tension but reaches a peak shortly before twitch force.
Two early investigators, Brady39 and Sonnenblick,40,63 recognized that the force-velocity properties changed with time and that these changes almost certainly resulted from changes in the level of activation. The problem they faced was the same one addressed in the second part of this review: to find a single parameter that signaled the changes in the force-velocity curves. Their approach was to release the muscle to the same load at different times in the twitch. The time course of velocity under these different loads, as measured with modern techniques, is shown in Figure 10 . As described above, the shape of the curves varies, but they all peak at about the same time.
The results obtained by the earlier workers were substantially different from those shown in Figure 10 , especially those of Brady,39 which are graphed in Figure 14 . Velocities obtained with high loads peaked substantially earlier than velocities obtained with low loads. The cause of this early peaking with light loads is described in the introductory paragraph of this review. The act of making the velocity measurement interfered with the measurement. As explained in the first section of this review, shortening causes inactivation. This shortening inactivation is greater at higher speeds, is greater at later times in the twitch, and progresses with shortening. The levers used to adjust muscle length were not critically damped and oscillated substantially after a release. In general, measurements were not made until the oscillations had died away. At low loads, when the oscillations were greatest, a substantial amount of shortening occurred at a high speed before the measurements were made. This shortening produced a substantial amount of deactivation, and because the deactivating effects of shortening are worse later in the contraction, the peaks in the velocity curves were reduced and made to appear earlier. At 37 A period of confusion was associated with the publication of these experiments. On the one hand, Sonnenblick published a set of experiments asserting that activation rose with a slow time course.4063 On the other hand, he published experiments interpreted as showing that activation rose abruptly to near its plateau,65 or he published experiments using afterloaded contraction,66,67 implying that the activation rose nearly instantly. These obvious contradictions led Brutsaert68 to speculate that there might be two forms of activation, one associated with maximum velocity and one associated with force production. This explanation might be viewed as an effort to reconcile his association with a colleague who took a firm stand on both sides of the same issue.
All these experiments and interpretations were criticized by a number of knowledgeable authors. 30, 69, 70 The validity of these criticisms often depended on the nuances of experimental details, and some of these critical reviews were met with even more detailed editorial replies (e.g., Sonnenblick71).
In my opinion, the main point of the criticism became so confused in a wealth of experimental detail that many readers lost interest in the issues. Thus, the question of the quantification of activation has languished for several years. Nonetheless, it remains an interesting and important question that has been ignored to a greater extent than it has been answered. The major purpose of this review has been to explain how the earlier experimental findings can be reconciled with the current concepts of the relation between activation and contraction.
Conclusions
Activation is defined as the making available of thin filament attachment sites for thick filament myosin cross-bridges, and the level of activation is determined by the number of such available sites. Changes in the number of these sites are reflected by changes in the force-velocity relations of the whole muscle, and these changes in mechanical ability can be used to quantify changes in activation. It is proposed that the most robust parameter for signaling these changes is maximum power. Three major advantages of this parameter are 1) it is determined by interpolation rather than by extrapolation; 2) it measures the ability of the muscle to do work, which is the muscle's principal function; and 3) it is normalized to units of muscle volume or muscle mass, so that it can be compared with the results of many other types of experiments in which the results also are normalized to muscle mass.
